INTRODUCTION
Arginine has been known to be an essential amino acid for chicks for more than 50 years [1] . A series of Tamir and Ratner [2, 3] demonstrated that arginine can be synthesized from citrulline, but not from ornithine, in chicks, because of the presence of argininosuccinate synthase (ASS; EC 6.3.4.5) and argininosuccinate lyase (ASL; EC 4.3.2.1) in kidneys and certain other organs such as pancreas, spleen and intestine. Although these findings satisfactorily explain the classical observations that citrulline, but not ornithine, can replace arginine in the diet of chicks [1, 4] , the mechanism for the lack of endogenous synthesis of ornithine or citrulline in the chick remains unknown. The inability of the chick to synthesize ornithine, citrulline and arginine has previously been attributed to the absence of four of the hepatic urea-cycle enzymes [ [2, 3] . This view, however, may be incorrect, in the light of our current understanding ofendogenous arginine synthesis which involves the conversion of intestinederived citrulline into arginine in the cells of the proximal convoluted kidney tubule [5] [6] [7] [8] .
Ornithine is synthesized from glutamate via the formation of pyrroline-5-carboxylate (P-5-C) in rat small intestinal mucosa [9, 10] . It is noteworthy that glutamate is produced from glutamine (the most abundant free amino acid in plasma) by phosphatedependent glutaminase (PDG; EC 3.5.1.2) [11] , underscoring an important role of glutamine in intestinal ornithine and citrulline synthesis. This notion is further supported by our recent findings on the formation of ornithine and citrulline from glutamine in of chick enterocytes to synthesize ornithine and citrulline from glutamine, the activities of the enzymes involved were measured. No activity of P-5-C synthase or ornithine carbamoyltransferase was found in chick enterocytes, in contrast with cells from postweaning pigs. It was also demonstrated that the activity of ornithine aminotransferase in chick enterocytes was only 3 % of that in cells from pigs. Thus the present findings elucidate the biochemical reason for the lack of endogenous synthesis of ornithine and citrulline in chicks. Our results also explain previous observations that ornithine cannot replace arginine or proline in the diet of chicks. We suggest that the absence of P-5-C synthase and ornithine carbamoyltransferase in enterocytes is the metabolic basis for the nutritional requirement of arginine in the chick.
post-weaning pig enterocytes [12] . It is now known that the synthesis of citrulline from glutamine involves PDG, P-5-C synthase, ornithine aminotransferase (OAT; EC 2.6.1.13) and OCT, in addition to CPS I for the provision of carbamoyl phosphate (Scheme 1). All these enzymes are located in mitochondria [9] [10] [11] , and this compartmentation plays an important role in substrate channelling in the synthesis of citrulline from glutamine in enterocytes. We and others have suggested that P-5-C synthase is the major regulatory enzyme in the synthesis of ornithine and citrulline from glutamine in enterocytes [10, 12] . In this regard, it is noteworthy that P-5-C synthase has been reported to be deficient in the intestinal mucosa of the cat [13] which, although possessing all hepatic urea-cycle enzymes, cannot synthesize arginine, an essential amino acid for this species [14] . We hypothesize that P-5-C synthase is deficient in or absent from enterocytes of the chick, which results in its inability to synthesize ornithine and citrulline from glutamine. The present study was designed to test this hypothesis. Post-weaning pig enterocytes, which are known to contain P-5-C synthase activity and to synthesize ornithine and citrulline from glutamine [12] , were used as positive controls.
MATERIALS AND METHODS Chemicals
L-Glutamine, L-citrulline, L-ornithine, D-glucose, NH4Cl, BSA (fraction V, essentially fatty acid-free), Hepes, P-S-C, OCT, and Nonidet P40 were purchased from Sigma Chemical Co. Radiolabeled Chemicals (St. Louis, MO, U.S.A.). P-5-C was purified using a column (0.6 cm x 7 cm) of Dowex AG 1 (X8 resin; acetate form) (Bio-Rad, Richmond, CA, U.S.A.) as previously described [15] . Briefly, P-5-C was loaded into the resin column, which was washed with 7.5 ml of water followed by elution of P-5-C with 7.5 ml of 25 mM acetic acid.
Chicks and pigs
Male White-Leghorn chicks (35 days old; 386+15 g; mean+SEM, n =6) and 35-day-old male pigs (7.6 +0.3 kg; mean + SEM, n = 6) were obtained from the Poultry and Swine Centers of Texas A&M University. Pigs were offspring of Yorkshire x Landrace sows and Duroc x Hampshire boars, and had previously been weaned at the age of 21 days. Chicks and weaned pigs were fed on corn/soyabean-meal-based diets containing 22 % and 21 % protein respectively, meeting U.S. National Research Council requirements of all nutrients [16, 17] .
Isolation of jejunum from chicks and pigs After the chicks had been anaesthetized with CO2 and killed by cervical dislocation, jejunum (50 cm) was dissected out. Pig jejunum (50 cm) was obtained as described by Wu et [12, 18] . The viability of isolated enterocytes was greater than 90 %, as assessed by Trypan Blue exclusion [12] and by the measurement of lactate dehydrogenase activity in both the incubation medium (2 ml) and enterocytes at the end of the 30 min incubation period [18] . Cell viability was also confirmed by measurement of 02 consumption using a YSI model 5300 Biological Oxygen Monitor consisting of Clark-type polarographic oxygen probes, four sample chambers and a circulatory water bath, as described by Wu et al. [12] .
Incubations were performed at 37°C in 25 Hyamine hydroxide and its radioactivity measured in a Beckman liquid-scintillation counter [12] . Neutralized cell extracts were used for measurement of metabolites, as described below.
Measurement of metabolites
Amino acids including arginine, citrulline, ornithine, aspartate and alanine in neutralized cell extracts were quantified by a fluorimetrich.p.l. method involving precolumn derivative formation with o-phthaldialdehyde [12] . Protine was determined as 4-amino-1-butanol by an h.p.l.c. method as described by Wu [19] . NH3 was determined using an enzymic method involving glutamate dehydrogenase and 2-oxoglutarate [20] .
Measurement of the activities of enzymes Involved In citrulline synthesis from glutamine
Enterocytes were suspended in KHB buffer, and cell extracts were prepared by three cycles of freezing in liquid nitrogen and thawing at 37 'C. The supernatants obtained after centrifugation (13 000 g; 1 min) were used for assay of PDG, OAT, OCT and CPS I at 37 'C for 15 min as described by Wu et al. [12] . Briefly, the assay mixture (0. Enterocyte extracts prepared by freezing and thawing at 37 'C were not used for P-5-C synthase assay because this enzyme is known to be heat-labile [10] . Instead, mitochondria were prepared from enterocytes at 4 'C, lysed with Nonidet P40 (a detergent) and used to measure P-5-C synthase activity by a sensitive radiochemical method involving [U-14C]glutamate as recommended by Kramer et al. [15] . The assay mixture (1 ml) consisted of 0.1 M Hepes (pH 7.4), 20 [12, 15] , with the recovery of P-5-C being 99.5 %, as determined with purified P-5-C standard.
Mitochondria, but not enterocyte extracts, were used for P-5-C synthase assay, because of potential conversion of P-5-C into proline by cytosolic P-5-C reductase [10] .
Measurement of the activities of ASS, ASL and argininase
The activities of ASS, ASL and arginase were measured as described by Dhanakoti et al. [8] , except that the products were quantified by a sensitive fluorimetric h.p.l.c. method [12] . The ASS assay mixture (0.2 ml), which consisted of 75 mM potassium phosphate buffer (pH 7.5), 10 mM citrulline, 10 mM aspartate, 5 mM ATP and cell lysate (0.4 mg of protein), was incubated at 37°C for 0 or 20 min. The incubation was terminated by addition of 50,1 of 1.5 M HClO4. Neutralized extracts were used for analysis of argininosuccinate (AS) and arginine by h.p.l.c. using precolumn derivative formation with o-phthaldialdehyde [12] , with the retention time of AS and arginine being 6.7 and 27.2 min respectively. The sum of AS and arginine was used to indicate ASS activity, because some AS (< 10 %) was converted into arginine as the result of the presence of ASL in the cell extracts. The ASL assay mixture (40,ul), which contained 129 mM sodium phosphate buffer (pH 7.0), 20 mM AS and 65 mM EDTA, was incubated at 37°C for 0 or 15 min. The incubation was terminated by addition of 20,ul of 1.5 M HCl04, and neutralized extracts were used for arginine analysis by h.p.l.c. [12] to indicate ASL activity. For the assay of arginase (EC 3.5.3.1), a mixture of 50 ,u of 100-mM MnCl2 and 50 ,ul of cell lysate (0.5 mg of protein) was incubated at 55°C for 5 min. After cooling to room temperature, the mixture was incubated with 50 ,ul of 30 mM arginine (in 150 mM potassium phosphate buffer, pH 7.5) at 37°C for 0 or 10 min. The incubation as terminated by addition of 50,1u of 1.5 M HCl04, and neutralized extracts were used for ornithine analysis by h.p.l.c. [12] .
Determination of protein and expression of data Protein in enterocytes, cell lysates and mitochondria was determined by a modified Lowry method with BSA as standard [21] . Data are expressed on the basis of protein content in the enterocytes, cell extracts or mitochondria (P-5-C synthase) as indicated in the [24] , fibroblasts [24] , macrophages [251 and lymphocytes [20] .
Lack of synthesis of ornithine, citrulline and arginine from glutamine in chick enterocytes To the best of our knowledge, there are no published data on citrulline synthesis or the activities of citrulline-synthesizing enzymes in chick enterocytes. This is due to the lack of study of the role of the intestine in citrulline synthesis in the chick [2, 3] . However, in the light of our recent understanding of the small intestine as the major source of citrulline for renal arginine synthesis [5] [6] [7] [8] 12] , it is important to determine whether ornithine and citrulline are synthesized from glutamine in chick enterocytes and to elucidate the mechanism involved.
There was no measurable ornithine or citrulline in chick enterocytes (the detection limit of our fluorimetric h.p.l.c. method for these two amino acids was 50 pmol/ml of medium) in the presence or absence of 2 mM glutamine plus 5 of citrulline into arginine and its subsequent hydrolysis to urea and ornithine by arginase may account for the absence of measurable citrulline or net arginine synthesis can be ruled out, because the activities of ASS, ASL and arginase were low or negligible in chick enterocytes: 0.15 + 0.02, 0.22 + 0.03 and 0.34 + 0.06 nmol/min per mg of protein respectively (n = 6).
Note that the activities of ASS, ASL and arginase in 35-day-old post-weaning pig enterocytes were 1.72 + 0.24, 3.01 + 0.29 and 2.28 + 0.35 nmol/min per mg of protein respectively (n = 6), which were about 5-10-fold greater than those in chick enterocytes. As a result, we were not able to detect the formation of urea from glutamine in chick enterocytes even using the sensitive fluorimetric enzymic method involving urease and glutamate dehydrogenase [27] .
To provide a metabolic basis for the inability of chick enterocytes to synthesize ornithine or citrulline from glutamine, the activities of PDG, P-5-C synthase, OAT, OCT and CPS I were measured in chick enterocytes. The activity of CPS I in chick enterocytes was 1.27 + 0.06 nmol of CP/min per mg of protein) (n = 6), which is similar to that in cells from 29-58-dayold post-weaning pigs [12] . The activities of PDG and OAT in chick enterocytes were 1.95 + 0.37 and 1.42 + 0.39 nmol/min per mg of protein respectively (n = 6), which are only about 17 % and 3 % of those in cells from 29-58-day-old pigs [12] . The low activity of glutaminase in chick enterocytes may explain, at least, in part, our observations that the rate of glutamine utilization was 5-fold lower in these cells (Table 1 ) than in pig enterocytes [12] . Interestingly, no activity of P-5-C synthase or OCT could be found in chick enterocytes even by sensitive radiochemical or fluorimetric h.p.l.c. methods respectively. When P-5-C synthase was measured at 20°C in the presence of 20 % glycerol, which was found to stabilize rat intestinal P-5-C synthase [10] , we were still unable to detect any activity in chick enterocytes. It is unlikely that our failure to detect P-5-C synthase and OCT activities in chick enterocytes resulted from artifacts in enzyme assays, on the basis of our findings that P-5-C synthase (357 + 28 pmol/min per mg of protein, n = 6) and OCT [12] were consistently found to be present in pig enterocytes. Thus it is evident that the activities of citrulline-synthesizing enzymes (except CPS I) were generally much lower in chick than in pig enterocytes, and that the absence of either P-5-C synthase or OCT itself is sufficient to account for the lack of ornithine and citrulline synthesis from glutamine in chick enterocytes.
Taken together, our findings provide, for the first time, a reason for the absence of synthesis of ornithine and citrulline from glutamine in chick enterocytes. We suggest that the absence of P-5-C synthase of OCT from enterocytes, but not that of hepatic urea-cycle enzymes, results in the lack of endogenous synthesis of ornithine or citrulline from glutamine in chicks, as reported for cats [13] . This view is in contrast with that of Tamir and Ratner [2, 3] who attributed the lack of endogenous arginine synthesis in the chick to the absence of CPS I, OCT, ASS and ASL in the liver. Thus, although citrulline can be converted into arginine in the kidneys and certain other organs of the chick [2, 3] , the lack of endogenous synthesis of citrulline from glutamine in enterocytes offers a new explanation for the well-documented observation that arginine is an essential amino acid for this species [1, 4] .
Lack of proline synthesis from glutamine In chick enterocytes
In the present study, we were not able to demonstrate synthesis of proline from 2 mM glutamine in the presence of 5 mM glucose in chick enterocytes (Table 1) . Our data are consistent with those of Watford et al. [18] and Porteous [23] for chick enterocytes incubated in the presence of 5 mM glutamine plus 10 mM glucose and 2.5 mM glutamine plus 5 mM glucose respectively. We suggest that this lack of proline synthesis from glutamine in chick enterocytes resulted from the absence of P-5-C synthase for conversion of glutamate into P-5-C, the common precursor of both ornithine and proline [28] . On the basis of the accumulation of proline in cell extracts at the end of incubation, Porteous [23] concluded that proline was formed from glutamine (2.5 mM) in chick enterocytes incubated in the absence of glucose. However, it should be noted that similar amounts of proline also accumulated in the extracts of chick enterocytes incubated in the absence of glutamine or any other substrates [23] . Thus it is possible that the accumulation of proline in the incubation medium of chick enterocytes incubated in the presence of glutamine (2.5 mM) alone [23] might have resulted from the net degradation of intracellular protein rather than the synthesis of proline from glutamine.
Lack of synthesis of citrulline and arginine from ornithine and a low rate of conversion of ornithine into proline in chick enterocytes Ornithine has been shown to be ineffective at replacing arginine [4] or proline [29] in the diet of chicks. However, the mechanism involved remains unknown. Likewise, little is known about ornithine metabolism in chick enterocytes. It is noteworthy that the conversion of ornithine into arginine and proline involves the formation of citrulline and P-5-C by OCT and OAT respectively (Scheme 1). Because of the lack of P-5-C synthase in the liver, kidney and cell types other than intestinal mucosa and thymocytes of rats, the small intestine has been suggested to be the major organ for proline synthesis in this species [11, 28] .
There was no conversion of ornithine into citrulline and arginine in chick enterocytes (Table 1) , which is consistent with the absence of OCT from these cells. These findings are in contrast with those for pig enterocytes [12] . Likewise, there was no formation of glutamate, alanine or aspartate from ornithine in chick enterocytes (Table 1) . Furthermore, the rate of conversion of ornithine into proline in chick enterocytes (Table 1) was only 4 % of that in cells from 29-58-day-old pigs [12] . These findings are consistent with the lack of OAT in chick enterocytes for converting ornithine into P-5-C, the common precursor of both glutamate and proline (Scheme 1) [28] . It is noteworthy that the activity of OAT is particularly high in rat intestinal mucosa [9] and pig enterocytes [12] for as yet unknown reasons. To the best of our knowledge, this is the first report of the deficiency of OAT in chick enterocytes which is associated with a known metabolic consequence in this species. Thus, in pig enterocytes, the high activity of OAT facilitated the conversion of ornithine into P-5-C, which was then utilized for the synthesis of glutamate and proline (Scheme 1). Glutamate was subsequently converted into alanine and aspartate via transamination. Because of the negligible metabolism of ornithine and NH3 by chick enterocytes, there was no measurable utilization of either substrate (2 mM each) by these cells, on the basis of their disappearance from the incubation medium.
It is evident from the above that the absence of OCT and deficiency in OAT is sufficient to account for the lack of ornithine metabolism in chick enterocytes. Our findings are of nutritional and physiological importance, as they provide, for the first time, a metabolic basis for previous observations that ornithine is an ineffective replacement of arginine [4] or proline [29] in the diet of chicks.
In conclusion, the inability to synthesize ornithine and citrulline from glutamine in chick enterocytes resulted from the absence of P-5-C synthase and OCT from these cells. Our findings elucidate further the biochemical mechanism for the nutritional requirement for arginine in the chick. Moreover, the deficiency of OAT limited the conversion of ornithine into proline and glutamate in chick enterocytes. These data provide a metabolic basis for the inability of ornithine to replace arginine and proline in the diet of chicks.
